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This is a selective review that provides the context for the study of perinatal affective disorder

mechanisms and outlines directions for future research. We integrate existing literature along

neural networks of interest for affective disorders and maternal caregiving: (i) the salience/fear

network; (ii) the executive network; (iii) the reward/social attachment network; and (iv) the

default mode network. Extant salience/fear network research reveals disparate responses and cor-

ticolimbic coupling to various stimuli based upon a predominantly depressive versus anxious

(post-traumatic stress disorder) clinical phenotype. Executive network and default mode connec-

tivity abnormalities have been described in postpartum depression (PPD), although studies are

very limited in these domains. Reward/social attachment studies confirm a robust ventral striatal

response to infant stimuli, including cry and happy infant faces, which is diminished in depressed,

insecurely attached and substance-using mothers. The adverse parenting experiences received

and the attachment insecurity of current mothers are factors that are associated with a diminu-

tion in infant stimulus-related neural activity similar to that in PPD, and raise the need for addi-

tional studies that integrate mood and attachment concepts in larger study samples. Several

studies examining functional connectivity in resting state and emotional activation functional

magnetic resonance imaging paradigms have revealed attenuated corticolimbic connectivity,

which remains an important outcome that requires dissection with increasing precision to better

define neural treatment targets. Methodological progress is expected in the coming years in

terms of refining clinical phenotypes of interest and experimental paradigms, as well as enlarging

samples to facilitate the examination of multiple constructs. Functional imaging promises to

determine neural mechanisms underlying maternal psychopathology and impaired caregiving,

such that earlier and more precise detection of abnormalities will be possible. Ultimately, the dis-

covery of such mechanisms will promote the refinement of treatment approaches toward mater-

nal affective disturbance, parenting behaviours and the augmentation of parenting resiliency.

Key words: postpartum depression, brain imaging, attachment, caregiving

doi: 10.1111/jne.12183

Introduction

Because of the seriousness of the adverse negative impact of

maternal psychopathology on child development and challenges to

effective maternal treatment, there are growing efforts to under-

stand the neurobiology of maternal psychopathology and caregiving

deficits, with the objective of establishing biomarkers for illness

severity and treatment response. There has been a false dichotomy

in the early affective neuroscience literature in mothers, whereby

one set of studies focused on standard emotion processing deficits

in samples of women with major depression and another set of

studies focused on maternal responses to infant cues to inform the

neural circuitry of maternal caregiving. A growing number of recent

studies have valiantly begun to integrate the complex concepts of



impaired emotion processing and deficient maternal caregiving. For

these latter studies, the design typically consists of populations

included for presence or absence of a psychiatric disorder, defined

using criteria from the Diagnostic and Statistical Manual (e.g. DSM-

IV) or related symptom measures, and functional magnetic reso-

nance imaging (fMRI) paradigms typically use ecologically relevant

infant and child stimuli, with clinical relevance often demonstrated

by correlation with impaired mother–infant interactions. Here, we

attempt to summarise and integrate this rich literature along four

key neural networks that are consistently described both in the

general affective neuroscience literature, as well as the maternal

caregiving literature (1): (i) the salience/fear network; (ii) the execu-

tive network; (iii) the reward/social attachment network; and (iv)

the default mode network. Below, we provide a selective review of

each network independently, describing the functional role of each

network, as well as what we know about how these networks func-

tion in depression and anxiety disorders in nonpostpartum and

postpartum populations (Table 1).

Primer on fMRI activation studies

Because this review centers on fMRI studies, we include a brief pri-

mer on this technology. The fMRI signal is based upon blood-

oxygenation-level-dependent (BOLD) measurements that reflect

changes in neural activity over a time resolution of seconds. Typi-

cally, BOLD signals during different events are measured through-

out the brain. Subsequent analyses identify brain regions that show

greater activity in response to a condition of interest (e.g. own

baby-cry versus other baby-cry) and allow correlation of such brain

activity with measures of psychopathology and parental behaviours.

Several caveats of current brain imaging approaches must be

considered. First, the BOLD signals of the fMRI data are indirect

measures of neural activity, such that the data are susceptible to

non-neural changes in the participant’s body and environment.

These problems are partially controlled with choice of population

and averaging. Second, imaging data provide information on the

association, rather than causality, between brain and behaviour.

Confidence in associations may be strengthened with multiple lines

of inquiry, replication and possible analyses under development that

consider connectivity and timing in responses in different circuits.

Third, because of the limitations of space and movement in the

scanner, fMRI studies must use simple tasks and stimuli to simulate

the performance of parenting behaviours. This is addressed by

regressing brain activity to real-life parenting and by using increas-

ingly sophisticated and realistic in and out of scanner tasks. Finally,

differences in parental brain function are subject to many factors

that are not typically controlled, including early-life experiences,

postpartum timing, social environment, sleep and hormonal concen-

trations. Investigators are gradually coming to understand and

attempt to control for these variables.

Salience/fear network

The role of the salience network is to focus the brain’s resources

on the most important environmental stimuli in the service of

guiding future actions that will overcome or circumvent threats to

organism homeostasis. As initially described by Seeley et al. (2), the

dorsal anterior cingulate cortex (dACC), orbital fronto-insular cortex

and anterior insula are the key components of the salience network,

which are well-poised to integrate sensory, visceral, autonomic,

interoceptive and hedonic data through connections with subcorti-

cal (amygdala, striatum, dorsomedial thalamus, hypothalamus) and

brainstem structures (periaqueductal gray, substantia nigra and

ventral tegmental area). The neural salience network (2) responds in

proportion to the degree of personal relevance of a given cue and

therefore activates strongly to the social threat of angry/fearful

faces (3) and threat of shock (4,5). Moreover, the role of the ante-

rior portion of the insula in interoceptive awareness of emotional

stimuli (i.e. sensitivity to internal bodily sensations) and its associa-

tion with autonomic arousal (6) highlights the putative role of this

region in reflecting individual differences in anxious arousal during

the processing of threat (7).

Neural systems for processing threat overlap with those in the

salience network and encompass, most notably, the amygdala,

insula and bed nucleus of the stria terminalis (BNST). The amygdala

and BNST show greater activity to negative emotional faces and

shock with increasing levels of anxious arousal. It has been demon-

strated in rodent models that neural responses to acute versus sus-

tained threat may be anatomically segregated, with amygdala

activity increasing to acute threat and BNST activity increasing to

sustained threat cues and hypervigilance (8). Heightened BNST

responses to the threat of electric shock in proportion to levels of

trait anxiety (5) support this notion in humans, although the func-

tional segregation may not be as clear as in rodents given that

amygdala also activates strongly in threat-of-shock paradigms.

Given the neuroimaging challenges of small size and irregular

shape of the BNST, the amygdala has been the subcortical structure

most frequently studied in response to stimuli of environmental

threat. The amygdala serves a critical gating function and sends

efferent neurones to the higher-order sensory cortex to evaluate

and respond to threat (9).

In unselected samples, activity within the salience network to

negative emotional stimuli correlates with state anxiety (e.g. to a

particular situation versus characteristic trait-level anxiety) (2) and

is considered to be involved mechanistically in the emotional

hyper-reactivity that can evolve into a major depressive episode.

Across numerous studies, nonpostpartum individuals with depres-

sion, anxiety disorders, trait anxiety and neuroticism have shown

increased amygdala activity in response to negative emotional stim-

uli (10). Specifically, amygdala activation to negative faces has been

replicated in major depressive disorder (MDD) (11–18) and is associ-

ated with the ruminative quality (19) and negative bias to emo-

tional information in MDD (20) that represents exaggerated

responses to negative emotional stimuli. Heightened amygdala

activity to negative emotional stimuli (11–15,17–21) may also serve

as a marker of persistent effects of past MDD, which was shown in

some (21–23) but not other studies (14,17,24,25) of individuals who

recovered from depression versus controls.

In human research, important regulatory regions, including dACC,

ventral ACC and the dorsomedial prefrontal cortex (DMPFC), are
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Table 1. Functional magnetic resonance imaging (fMRI) Studies of Mothers Highlighting Contrasting Findings in Healthy Mothers Versus Those With Affective

Symptoms, Substance Use, or Characteristics Relating to Impaired Attachment Processes.

Author (year) (reference) N; Group

Age of infants/

children fMRI paradigm Findings

Salience/fear network

Healthy mothers

Seifritz et al. (2003) (40) 20, mothers versus

women without

children

< 3 years Infant cries and laughter

versus control sound

↑ Amygdala, middle cingulate

cortex and insula activity in

mothers versus women without

children

Bartels and Zeki (2004) (45) 19, mothers 9 months to

6 years

Face pictures of own versus

unknown/familiar child;

comparison of maternal

versus romantic love

↑ Insula and dACC activity to own

child, which overlapped regions

active to romantic others

Ranote et al. (2004) (101) 10, mothers 4–8 months Video of own versus other

infant

↑ Amygdala activation to own

infant

Swain et al. (2008) (42) 12, vaginal versus

caesarean section

deliveries

2–4 weeks Infant-cry (own versus other) ↑ Amygdala activity to infant cry

in women with vaginal versus

caesarean section deliveries

Lenzi et al. (2009) (114) 16, primiparous

mothers

6–12 months Viewing and imitating faces of

own versus other child

↑ Insula, amygdala and inferior

frontal gyrus activity associated

with increased maternal

empathy

Strathearn et al. (2013) 39, primiparous

mothers

~11 months Child faces (own versus other) ↑ Amygdala activity to own

versus other infant faces

Ho et al. (2014) (216) 14, mothers ~4 years Parenting decision-making

task

↑ vACC to +ve versus �ve infant

feedback. Hypothalamus-septal

coupling during �ve feedback

inversely related to cortisol

reactivity

Mothers with affective symptoms, substance use or impaired infant interaction

Silverman et al. (2007) (49) 8, postpartum mothers

with EPDS > 12 or

< 6

7–8 weeks Negative emotional words ↓ Amygdala but ↑ insula activity

to negative words in women

with EPDS > 12

Moses-Kolko et al. (2010) (50) 30, PPD versus HC 8–10 weeks Fear/threat adult faces ↓ DMPFC activity and amygdala-

DMPFC connectivity in PPD

↓ Amygdala activity associated

with postpartum depression

severity

Laurent & Ablow (2012) (43) 22, PDD versus HC 18 months Infant-cry (own versus other) ↓ dACC and insula activity in PPD

Barrett et al. (2012) (39) 22, mothers, varied

affective symptoms

~3 months Infant faces (own versus

other), with affect rating

task

↓ Amygdala activation to positive

own infant faces associated with

more depression (EPDS) and

anxiety symptoms (STAI-trait)

Schechter et al. (2012) (61) 20, IPV-PTSD versus

control

12–42 months Videos of child stress during

separation (own versus other

child)

↑ Insula and ↓ mPFC activity to

child separation videos that

correlated with self-reported

stress

Moser et al. (2013) (63) 20, IPV-PTSD 12–42 months Videos of child stress with

separation (own versus other

child)

↓ Cingulate, hippocampus and ↑

DLPFC activity to child

separation videos associated

with greater dissociative

symptoms

Landi et al. (2011) (128) 54, substance using

versus non-using

postpartum mothers

1–3 months Infant sad faces, low distress

cries (all other infants)

↓ Amygdala, parahippocampus,

insula, lateral PFC, activity in

substance users

(continued)
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Table 1 (continued)

Author (year) (reference) N; Group

Age of infants/

children fMRI paradigm Findings

Musser et al. (2012) (157) 22, primiparous, varied

maternal sensitivity

18 months Infant-cry (own versus other

versus control sounds)

↓ IFG and ↑ insula activity

associated with reduced

maternal sensitivity and

increased maternal intrusiveness

Laurent et al. (2012) (156) 22, primiparous

mothers

15–18 months Infant-cry (own versus control

sound)

↑ Parahippocampus/amygdala and

insula activity to cry in mothers

of insecurely-attached infants

Author (year) (reference) N; Group

Age of infants/

children Paradigm, variable Regional findings

Executive network

Healthy postpartum versus menstruating nonpostpartum women

Bannbers et al. (2013) (76) 26; postpartum versus

menstruating women

48 h; 4–7 weeks Go/NoGo task ↓ VLPFC, precentral gyrus, and

dACC at later versus early

postpartum timepoints and

relative to nonpostpartum

women

Reward/social attachment network

Healthy mothers

Lorberbaum et al. (2002) (41) 10, mothers 1–2 months Infant-cry (other) versus white

noise versus baseline rest

↑ Medial thalamus, medial PFC,

right OFC to infant cry

Bartels and Zeki (2004) (45) 19, mothers 9 months–6 years Face pictures of own versus

unknown/familiar child

↑ Striatum, thalamus, PAG to own

child

Leibenluft et al. (2004) (44) 7, mothers 5–12 years Child faces (own versus

familiar/unfamiliar other)

↑ Mentalising circuitry (DMPFC,

MPFC, PCC, TPJ, pSTS) to own

child > familiar/unknown child

Noriuchi et al. (2008) (37) 13, mothers 15–20 months Video clips own versus other

infant

↑ OFC, periaqueductal gray,

putamen to own infant

Strathearn et at. (2008) (38) 26, primiparous

mothers

7–10 months Child happy faces (own versus

other)

↑ Putamen, SN, thalamus,

amygdala to own versus other

faces

Swain et al. (2008) (42) 12, vaginal versus

caesarean section

deliveries (VD)

2–4 weeks Infant-cry (own versus other) ↑ SFG, caudate and thalamus to

infant cry in women with

vaginal versus caesarean section

deliveries. Correlation of parental

preoccupation with lenticular

nucleus activation

Kim et al. (2011) (48) 17, breast- versus

formula-feeding

mothers

2–4 weeks and

3–4 months

Infant-cry (own versus other) ↑ SFG, insula, precuneus, striatum,

and amygdala activity to own

infant cry in breast- versus

formula-feeding mothers

↑ Maternal sensitivity associated

with increased SFG and

amygdala activity

Mothers with affective symptom, impaired infant interaction, or low maternal care received, insecure attachment

Silverman et al. (2007) (49) 8, postpartum mothers

with EPDS > 12 or

< 6

7–8 weeks Positive emotional words ↓ Striatum to positive words in

women with EPDS > 12

Strathearn et al. (2009) (46) 30, primiparous

mothers

~11 months Child happy faces (own versus

other)

↓ VST, OFC, mPFC activity to faces

in mothers without secure

attachment

(continued)
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active during the perception of emotionally salient and threatening

stimuli, such as electric shock. Indeed, a deficit in the regulatory

ability of amygdala by medial PFC structures is a widely described

mechanism for increased attention to threat, with different patterns

of medial PFC-amygdala coupling associated with different anxiety

constructs. Generalised anxiety disorder, for example, is associated

with decreased functional connectivity between the ventral ACC

and amygdala during implicit emotion regulation (26,27), which is

considered to represent insufficient regulation of threat. Higher trait

anxiety may be associated with greater functional connectivity

between DMPFC/dACC and amygdala, denoting increased attention

to threat, a circuit of DMPFC–amygdala positive connectivity. Rob-

inson et al. (28) describe this circuit as an ‘aversive amplification’

mechanism whereby threat-responding is increased in the service

of protecting the individual from harm.

In rodent studies of early motherhood, the fear and threat cir-

cuitry is attenuated in the service of facilitating maternal interac-

tion with, and care/protection of, her offspring. Reduced fear and

stress responses in puerperal rodents are associated with decreased

amygdala c-fos synthesis (compared to nonpuerperal rodents) (29)

and are attributed to increased puerperal amygdalar prolactin and

oxytocin inputs (30–32). A novel paradigm that used functional

neuroimaging in awake postpartum rodents to examine regional

brain BOLD in response to threatening cues revealed that intracere-

bral oxytocin infusion was associated with an increased percentage

BOLD change (threatening cue versus rest) in BNST (33), which may

relate to oxytocin-mediated inhibitory neural activity in fear

response centers. In a similar paradigm, arginine vasopressin cir-

cuits were also shown to influence the degree of neural responses

to threat in amygdala (34). A reduction of fear responses in newly

maternal rodents is inversely related to an increase of maternal

aggression (see also section on Reward/social-attachment network,

below) in the service of protection of the offspring, which are func-

tions mediated via brain interactions with prolactin, oxytocin, argi-

nine vasopressin and the hypothalamic-pituitary-adrenal (HPA) axis

(35). For example, blockade of arginine vasopressin receptors was

found to increase maternal aggression by suppressing amygdala

and increasing olfactory and infralimbic activity (34,36).

Functional MRI studies of human mothers have rarely been

acquired in the immediate postpartum period. At 2-week or more

distal postpartum timeframes, a number of studies have examined

healthy mothers responding to negative emotional infant stimuli,

including video clips of infants in distress (37), pictures of sad

infant faces (38,39) and infant cries (40–43). These studies have

revealed that negative infant stimuli activated the amygdala (40,42)

(in addition to broader maternal circuitry; see below) which has

Table 1 (continued)

Author (year) (reference) N; Group

Age of infants/

children Paradigm, variable Regional findings

Kim et al. (2010) (53) 26, mothers 2–4 weeks Infant-cry (other versus

control sound)

↓ MFG, STS and fusiform gyrus to

infant cry for women with a

history of lower maternal care

received

Moses-Kolko et al.

(2011) (105)

24, PPD versus HC 8–10 weeks Monetary reward task ↓ Ventral striatal duration of

reward-related response in PPD

Laurent & Ablow (2011) (43) 22, PDD versus HC 18 months Infant-cry (own versus control

sound)

↓ Thalamus, caudate, OFC, SFG in

PPD, and in association with

higher CESD scores

Atzil et al. (2011) (125) 23, mothers 4–6 months Mother–infant interaction

videos (self versus other

mother–infant dyad)

↑ Striatal activity associated with

greater mother–infant behavioral

synchrony

Default mode network

Depressed versus healthy mothers

Xiao-juan et al. (2011) (147) 21, PPD versus HC Within 16 weeks Resting state ↑ PCC index of nearest neighbor

connectivity (ReHo) in PPD

Chase et al. (2013) (144) 37, PPD versus HC 10 weeks Resting state ↓ PCC-amygdala connectivity in

PPD

Deligiannidis et al.

(2013) (146)

17, PPD versus HC 9 weeks Resting state ↓ Connectivity within

corticolimbic circuits including

the default mode network

CESD, Center for Epidemiologic Studies Depression Scale; dACC, dorsal anterior cingulate cortex; DMPFC, dorsomedial prefrontal cortex; EPDS, Edinburgh Post-

natal Scale for Depression; HC, healthy controls; IFG, inferior frontal gyrus; IPV-PTSD, interpersonal violence-related post-traumatic stress disorder; MPFC, med-

ial prefrontal cortex; OFC, orbitofrontal cortex; OT, oxytocin; PAG, periaqueductal gray; PCC, posterior cingulate cortex; PPD, postpartum depression; pSTS,

posterior superior temporal sulcus; ReHo, regional homogeneity or synchronisation between time series of a voxel with that of its nearest neighbors; SFG,

superior frontal gyrus; SN, substantia nigra; STAI, Speilberger State Trait Anxiety Inventory; TPJ, temporal–parietal junction; VE, valence. References are listed

chronologically. In cases where references have findings that relate to multiple networks, such references have been categorised according to the most relevant

network and, in some cases, are listed in two categories if more than one network is adequately assessed.
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often been interpreted as a sign of emotional salience (40) or posi-

tive emotion associated with attachment (44). One notable excep-

tion was a report of amygdala deactivation to own infant pictures

(45), which was interpreted as an ‘evolutionarily protective mecha-

nism to invest more energy into reward-oriented rather than fear-

oriented emotions and behaviours in motherhood’. Mothers with

insecure adult attachment (46), recurrent MDD since adolescence

(43), higher levels of depression and anxiety symptoms (39) and

psychopathological risk factors (47), as well as mothers with fewer

oxytocin/prolactin-stimulating functions [cesarean section deliveries

(42) and bottle-feeding (48)], had less robust amygdala activity to

infant-cry stimuli.

Two additional studies (49,50) of mothers attending to non-

infant negative emotional stimuli found that PPD versus healthy

status and greater PPD severity was associated with reduced amyg-

dala activity to fearful and threatening faces or negatively valenced

words. Taken together, these studies suggest a relatively consistent

picture of blunted amygdala activity to negative emotional stimuli

and infant distress stimuli among mothers with more depressive

and anxious affect, less secure attachment styles, and less pro-

social hormone availability.

Little is known about cortical brain regions that directly modulate

limbic reactivity to infant and other emotional cues in postpartum

women because few studies of within-circuit connectivity have

been published. In a single example of such a study, postpartum

depressed women demonstrated an absence or disengagement of

DMPFC- amygdala connectivity when viewing fearful and threaten-

ing faces, whereas healthy mothers had intact DMPFC-amygdala

connectivity to fearful and threatening faces (50). The activation of

DMPFC to infant-cry (41,43), to distressed infant videos (37) and to

own child greater than to familiar/unknown faces (44) advances a

role for areas of covert appraisal and social cognition in healthy

maternal behaviour. A single, small study (n = 8) revealed reduced

posterior orbitofrontal cortex (OFC) activity to negative words in

women with PPD compared to healthy postpartum women (49).

Furthermore, Laurent and Ablow (43) reported that higher depres-

sive symptoms (Center for Epidemiologic Studies Depression Scale)

and a diagnosis of MDD were associated with lower left OFC, dACC

and medial superior frontal gyrus (SFG) activity to infant-cry. The

available data therefore suggest that women with PPD disengage

critical cortico-limbic neurocircuitry that is involved in emotional

salience and threat processing during exposure to infant and nega-

tive affective stimuli. This requires further examination with tech-

niques for analysing within-circuit regional connectivity.

An important exception, however, is provided by the findings of

Swain et al. (42), in which heightened lenticular nucleus and left

medial PFC activity to own baby-cry was associated with more

depressive symptoms and more anxious intrusive thoughts in a

group of 12 mothers scanned 3 weeks postpartum on average.

Swain et al. (42) argue for a potentially adaptive function sub-

served by these apparent anxious/depressive symptoms in nonde-

pressed mothers in the early postpartum mother that is not directly

comparable to findings in mothers who are three or more months

postpartum. In other studies, Swain et al. (51,52) suggest that

maternal neural responses to infant stimuli change with the time

since delivery, with a diminution of anxiety-related subcortical

responses and an increase in regulatory cortical responses to

infant-cry among healthy mothers. Indeed, both human (53) and

rodent (54) maternal brain research reveal postpartum structural

brain growth in orbitofrontal and temporal cortices that may reflect

social learning in parents in preparation for changing baby signals

over time in addition to the increasingly complex array of possible

interactional scenarios. This also opens windows into domains of

dysfunction when these adaptations fail to occur, leaving new par-

ents underprepared to respond to increasingly complex situations.

Therefore, postpartum duration-dependent analysis of fear/salience

network activity and PFC modulatory networks is an important area

in need of future investigation.

Summary point

These studies indicate that mothers with syndromal level depres-

sion, less secure attachment styles and less pro-social hormone

availability have blunted amygdala and insula activity to negative

emotional stimuli and infant distress stimuli, which is the opposite

of that described in nonpostpartum depressed samples. Heightened

intrusive/anxious responses that accompany subsyndromal affective

symptoms in very early (3 weeks) postpartum mothers, associated

with medial PFC and lenticular nucleus activity to infant-cry, may

also serve an adaptive role in attaching to the infant that awaits

replication.

Post-traumatic stress disorder (PTSD) is an affective disorder with

a unique neurobiology for which there are reports, in non-postpar-

tum samples, of increased insula and amygdala activity when lis-

tening to traumatic audio clips in the scanner (55). Ventral and

dorsal regions of the ACC activity are noted to variably deactivate

or activate in association with threat appraisal (56), depending

upon the presence of dissociative symptoms (57). Dissociative-type

PTSD or individuals with high scores on the Dissociative Experiences

Scale demonstrate increased inhibitory modulation of amygdala and

insula by the ventromedial prefrontal cortex (VMPFC) and ventral

ACC, which suppresses re-experiencing and hyperarousal symptoms

and thus constitutes an effective strategy for diminishing attention

to threat by keeping threat segregated from other cognitive pro-

cesses. These and other mechanisms that distinguish PTSD from

MDD may also relate to respective differences in HPA axis function

(58). In general, individuals with MDD display HPA axis hyper-

reactivity, reported as increased baseline cortisol, exaggerated corti-

sol response to ACTH and non-suppression of the dexamethasone

suppression test (DST) (59). By contrast, individuals with PTSD have

evidence of HPA axis hyporeactivity, highlighted by a recent

meta-analysis showing lower daily cortisol output and lower post-

DST cortisol in PTSD compared to healthy controls (60).

Similar to non-postpartum populations, but in contrast to anx-

ious and depressed postpartum mothers, 12–48-month postpartum

mothers with PTSD secondary to adult interpersonal violence-

related PTSD (IPV-PTSD) had heightened subcortical responses in

the fear circuitry. In their elegant study of mothers viewing their

own and other child separation versus free play videos, Schechter

et al. (61) found that IPV-PTSD mothers activated an ‘unrestrained’
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fear-circuitry that was associated with higher subjective ratings of

stress. The circuitry described included heightened activity in bilat-

eral anterior entorhinal cortex, left caudate, left insula and reduced

frontocortical activity [SFG, Brodmann area (BA) 8, BA10; bilateral

superior parietal lobes, BA7] in women with IPV-PTSD compared to

healthy mothers. Stress, as measured by the Clinically Administered

PTSD Scale and the PTSD Symptom Checklist-short version, was

inversely correlated with SFG (BA10) activity and positively associ-

ated with caudate activity. Based upon behavioural data in this

same population (62), it was suggested that hyperactivity within

the fear circuitry associated with IPV-PTSD might mediate reduced

maternal emotional availability for coordinated joint attention dur-

ing play. A sub-analysis within this dataset (63) demonstrated that

dissociative symptoms, when present with or without PTSD, were

associated with increased cortical (right dorsolateral PFC, ‘DLPFC’)

and decreased limbic activity (perirhinal cortex, hippocampus,

insula) to separation versus play videos, as has been found previ-

ously in other PTSD-dissociative-subtype populations viewing trau-

matic and nonspecific negative emotional stimuli (64). These

findings highlight the importance of clinical characterisation along

lines of intersecting dimensions, such as dissociation, PTSD symp-

toms and other domains of cognitive function that affect maternal

sensitivity and child outcome.

Summary point

Mothers, more than 1 year postpartum, who have IPV-PTSD, have a

neurobiology that resembles PTSD in nonpostpartum populations,

as characterised by hyperactivity within the fear circuitry (amygdala

and anterior insula) and alternatively decreased or increased (disso-

ciative-type) voluntary VMPFC/ventral ACC regulation of subcortical

activity.

Executive network

As described above, prefrontal cortical regions are involved in the

threat processing circuitry with a primary function of regulating

activity in subcortical structures. A number of these regulatory

regions comprise the executive network, which comes online both

during emotional processing tasks and also during performance of

attention, working memory and response inhibition tasks. This net-

work primarily includes the DLPFC, the lateral/inferior parietal

cortex, and the dACC/DMPFC region, with projections to hippocam-

pus. Activity within the executive network is associated with task

performance (2).

The executive dysfunction described in MDD has been associated

with altered prefrontal executive network activity on common cog-

nitive neuroscience performance tasks, such as the ‘Go/No-Go

Association Task’, testing behavioural inhibition, and the ‘n-BACK

task’, measuring cognitive control (65,66). Convergent studies have

described decreased activity in emotion regulatory regions including

DLPFC, DMPFC and VMPFC (19,67–70), as well as alterations in

corticolimbic connectivity during processing of negative faces in

unipolar and bipolar depression (71,72). Reduced prefrontal neural

activity may normalise following effective depression treatment,

such as with transcranial magnetic stimulation (73), and also pre-

dict the antidepressant treatment response.

Based upon the evidence of reduced cognitive function in

healthy postpartum women (74,75), Bannbers et al. (76) conducted

a recent study of response inhibition using the Go/No-Go task to

explore a hormone-linked neural basis for this clinical phenomenon.

They found that healthy postpartum women showed reduced ven-

trolateral PFC (VLPFC) activity relative to nonpostpartum women

(without concomitant difference in behavioural performance), as

well as a lessening over the course postpartum (on average 28 h

postpartum and repeated at 34 days postpartum) of task-related

VLPFC and dACC activity. This suggests that healthy postpartum

women might be operating at a disadvantage for cognitive and

emotion-regulatory functions. It is possible that hormone-related

blood flow effects could influence these conclusions given similar

findings of lower regional activity in follicular (low hormone state)

versus luteal (high hormone state) phase (77) and the role of

fluctuating neurohormone concentrations in parental response to

baby-cry, suckling and baby-smile (78,79). In addition, the early

postpartum timeframe has a number of confounding physiological

effects that may contribute to altered signal. These intriguing preli-

minary findings merit continued study, as well as extension to

additional executive function cortical regions. In the salience/fear

network section above, we describe deficient prefrontal cortical

activity in depressed relative to healthy mothers when processing

emotional and infant stimuli. Additional studies, both in healthy

and depressed postpartum women, are needed to clarify the rela-

tionships between duration postpartum, executive function, emotion

regulation and affective symptoms.

Summary point

Although little research on executive networks has been conducted

in postpartum women to date, this is an area ripe for investigation

given the critical role for planning, organisation and attention in

parenting and known deficits in affective disorders more broadly.

Reward/social-attachment network

The cortico-striatal-thalamic-cortical loop is a neural circuit that

integrates the emotional, behavioural and endocrine aspects of

motivated behaviour (80). Together with extrastriatal afferents,

dopaminergic output from the ventral tegmental area to the

extended ventral striatum (encompassing nucleus accumbens, ven-

tral caudate and putamen) modulates the reinforcing effects of

stimuli (81,82). In healthy subjects, fMRI tasks that include anticipa-

tion and receipt of monetary rewards have been associated with

strong striatal activation (83), whereas medial prefrontal cortex

(mPFC) regions, such as VMPFC, are activated during learning of

reward-based contingencies (84).

The reward or hedonic neural circuitry has been of great interest

to depression researchers because reduced positive affect, in addi-

tion to increased negative affect, is an increasingly recognised fea-

ture of depressive disorders. Convergent behavioural studies have

revealed reduced pursuit and savouring of reward in MDD (85) and
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molecular imaging and preclinical studies provide evidence that this

is mediated by aberrant dopamine signalling in the mesostriatal

system (86). The results suggest that behavioural reductions in

reward-seeking and pleasure are mediated by hypoactivation of

ventral striatum to different aspects of reward (85,87,88) and pleas-

ant stimuli (89–91). In several studies of happy faces processing in

nonpostpartum populations, it appears that increased VMPFC activ-

ity to happy faces is associated with risk for (92) or the presence

of (93) mood and anxiety disturbance and might over-regulate stri-

atal responses to positive cues. Therefore, happy faces might be an

important social reward cue that can tap into this neural circuitry.

Increased overall dopaminergic tone in parous rodents and post-

partum women has been repeatedly described (94) and is consid-

ered to be amplified via oxytocinergic inputs to the mesostriatal

reward system. The dopamine reward system plays an important

role in maternal care insofar as it motivates mother–infant interac-

tion and facilitates the reinforcing aspects of caregiving. Maternal–

pup caregiving is both temporally and quantitatively correlated with

increased extracellular dopamine in the nucleus accumbens (95)

and suckling of pups is a more powerful reinforcer for mothers

than cocaine administration (96). Interactions between central oxy-

tocin and dopamine systems have also been associated with indi-

vidual differences in maternal behaviour in rodents. For example,

stable, individual differences in rat maternal licking/grooming of

pups were abolished by oxytocin receptor blockade and this effect

was mediated by the direct effect of oxytocin on dopamine release

within the mesocorticolimbic dopamine system (97). Other lines of

research have explored the neural basis of maternal aggression, a

behaviour that promotes offspring protectiveness and is modulated

by oxytocin, arginine vasopression and HPA axis activity. Functional

MRI paradigms in awake postpartum rodents subjected to intruder

stresses to detect maternal aggression have revealed an important

role for periaqueductal gray and nucleus accumbens in maternal

aggression (36,98–100).

Functional MRI studies of healthy mothers confirm activation of

the mesostriatocortical reward circuitry when mothers listen to

cries or view pictures of infant stimuli. In healthy, primiparous,

breastfeeding, 4–8-week postpartum mothers listening to a stan-

dard infant-cry, fMRI BOLD activations were present in the mid-

brain, thalamus, striatum and medial PFC (41). Mothers, 2–4 weeks

postpartum, who delivered vaginally rather than surgically (and

thus experienced oxytocin release during labour and delivery), had

greater caudate and thalamic activation to own baby cries (42).

In a study of maternal response to infant face stimuli, maternal

responses to own versus other child pictures similarly activated

the reward circuit, including the putamen, thalamus and substan-

tia nigra. Robustness of brain activation to infant face stimuli was

highest for happy infant faces and progressively lower for neutral

and sad infant faces (38). Similar reward system activation was

noted in other studies of mothers viewing their children (37,44,45)

but not all studies of maternal responses to child faces (101,102).

Variations in fMRI stimuli, age of children and maternal character-

istics (delivery mode, breastfeeding, parity, support system, etc.)

and generally small sample sizes likely account for inconsistencies

among studies.

Dopamine-reward circuit dysregulation in PPD has been hypoth-

esised based upon heightened neuroendocrine response to the

dopamine receptor agonist apomorphine in women who later expe-

rienced postpartum mood disorders (103) and altered ventral stria-

tal dopamine-2 receptor binding in healthy and depressed mothers

(104). Functional MRI studies to date in PPD samples demonstrate

reduced ventral striatal responses to pleasant words (49) and mon-

etary stimuli (105), which may signal impaired maternal pleasure

from, and attunement to, infants in the context of PPD. In addition,

maternal ventral striatal responses to own versus other baby-cry at

18 months postpartum were inversely associated with postpartum

depression severity (43).

Summary point

Similar to basic research showing that oxytocinergic inputs to the

mesostriatal dopamine reward system enhance maternal motivation

and behaviour, healthy mothers have increased ventral striatal and

medial PFC activity in response to infant stimuli. Reward-related

neural responses to positive words and monetary gain are noted to

be reduced in depressed mothers.

Social attachment/social cognition

Social affiliation, social cognition and reward circuits are closely

linked systems that facilitate maternal–infant caregiving. A funda-

mental component of human mothering is being able to menta-

lise, that is, to understand the thoughts, beliefs and intentions of

others in relation to oneself (106,107). Parental social cognition/

mentalising/empathy involves appropriate perception, experience

and response to another’s emotion and is particularly relevant to

maternal caregiving for pre-verbal infants who cannot articulate

their needs. Autistic disorders have shed light on the neural sys-

tems supporting empathy (108–110), which overlap substantially

with brain responses of parents to infant stimuli, and include cin-

gulate and insular cortices (111). Experiments that compare pain

perception in oneself or in a loved one reveal that parallel repre-

sentations of empathy in insula and ACC are necessary for our

ability to mentalise. Humans may utilise separate circuitry to

‘decouple’ representations of external versus internal information

to understand physical properties and assess personal emotional

values. In support of this, a brain network consistently activated

during tasks that require mentalising has emerged, including

DMPFC, mPFC, precuneus/posterior cingulate cortex (PCC), tempo-

roparietal junction (TPJ) and posterior superior temporal sulcus

(pSTS) (112,113).

This social cognition circuitry was activated in healthy mothers

when viewing photographs of their own children versus familiar

children (44). A novel study (114) tapped into these constructs

through an fMRI paradigm in which mothers observed and imitated

faces of their own and other children. The study specifically exam-

ined the mirror neurone system, localised in the ventral premotor

cortex, inferior frontal gyrus (IFG) and posterior parietal cortex,

which activates not only when an individual performs an action,

but also when observing someone else perform that action. Neural
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activation in the mirror neurone system was preferentially engaged

in response to own child and was correlated with maternal reflec-

tive function. Such a mentalising framework promises to facilitate

behavioural planning for parent–infant dyads and likely has far-

reaching impacts upon maternal and child physical and mental

health (115,116).

The development of empathy in parents depends in great part on

the care that they themselves received in childhood (117), (see sec-

tion on Integrative concepts which transcend a neural network

approach, below) which is a concept that has been well-elaborated

(118,119). Using this framework of analysis, one study examined

the effects of early-life experience among mothers in the first post-

partum month on brain structure and functional responses to sali-

ent infant stimuli (120). Mothers who reported higher perceived

maternal care in childhood showed larger grey matter volumes in

the superior and middle frontal gyri, orbital gyrus, superior tempo-

ral gyrus and fusiform gyrus. In response to infant cries, these

mothers also exhibited higher activations in the middle frontal

gyrus, superior temporal gyrus and fusiform gyrus, which are all

regions involved in processing emotional information and mentalis-

ing functions. These findings suggest that an attenuation of mater-

nal care in childhood may be associated with deficits in brain

physiology implicated in an appropriate responsivity to infant stim-

uli in human mothers.

Additionally, the development of secure attachment at a young

age in parents promotes healthy dyadic relationships between par-

ent and their social supports and between parent and child. The

modulation of threat by secure attachment is well-articulated in

social baseline theory (121), which describes how humans evolved

to ‘outsource’ neural demands of threat to supportive social

resources. By contrast, isolation demands more individual neural

resources to regulate threat. This theory is supported by findings

that proximity of a significant other or romantic attachment

reduces threat-related neural activity in right anterior insula, SFG

and hypothalamus (122) and that perceived social support moder-

ates the relationship between threat-related amygdala activity and

trait anxiety (123). Oxytocinergic mechanisms have been proposed

to mediate the attenuation of threat-related neural activity by

secure attachment (122). The significant spatial overlap of affiliation

and emotion-processing neural circuitries in humans (124) gives

further support for the functional integration of systems of attach-

ment and threat modulation.

Although animal models of maternal behaviour are compelling

and have identified key components of putative mothering circuits,

paradigms in animal studies are typically approximations of com-

plex human behaviours and ethological relevance is limited. Never-

theless, rodents and nonhuman primate studies that incorporate

social stressors have increasing relevance for informing human psy-

chopathology. For example, recent advances allow for fMRI in

awake rats, permitting real-time imaging of social paradigms such

as introducing a male intruder to a postpartum rodent with and

without pups present to study neural correlates of maternal

aggression (36).

Although social cognition and mentalising functions have not

been tested directly in postpartum affective disorders, mothers

with secure, as opposed to insecure, attachment style had

increased activity in dopaminergic-rich ventral striatum, as well as

reward-processing OFC and mPFC regions, to happy infant faces

(46). Insecurely attached mothers showed greater DLPFC activity

to infant faces, which concurs with the behavioural phenomenon

of avoidance of negative affect, and suggests over-regulation, as

predicted by the social baseline theory. Similarly, in a study of

‘synchronous’ and ‘intrusive’ mothers (based upon microcoding of

videotaped mother–infant interaction), synchronous mothers, who

consistently coordinate positive social processes with their infant,

had increased striatal responses to videos of mother–infant inter-

actions (125). Video clips of mother–infant videos have also been

used as stimuli to identify relationships for mothers and fathers

between amygdala activity and serum oxytocin and vasopressin,

respectively (126). However, in this experiment, it is unclear

whether this pattern of brain response was a function of syn-

chronous mothers or the viewing of a synchronous mother–infant

interaction. More studies will need to characterise the stimuli, as

well as the mothers, in increasing detail to disentangle possible

confounds.

Substance-using mothers are a unique sample in which to

examine the neural basis for documented disruptions in mother–

child relationships (127) and empathic failures. Landi et al. (128)

investigated neural correlates to infant cries of varying levels of

distress and to infant faces of varying emotional expressions

(happy, sad, neutral) among substance-using and nonsubstance-

using mothers at 1–3 months postpartum. With one minor excep-

tion, no brain regions showed greater activation in substance-

using mothers compared to non-using mothers in any of the

conditions displaying happy, sad or neutral faces. By contrast,

nonsubstance-using mothers showed greater activation in a range

of prefrontal regions [e.g. DLPFC/medial frontal gyrus (MFG),

VMPFC, DMPFC, IFG], limbic system regions (e.g. amygdala, para-

hippocampal gyrus) and visual/sensorimotor regions for happy, sad

and neutral faces compared to substance-using mothers. For cries

of both low and high distress, regions involved in emotional pro-

cessing (amygdala, insula, parahippocampal gyrus), prefrontal

regions (MFG) and regions implicated in auditory/sensorimotor

processing showed greater activation among non-using mothers

than among substance-using mothers. Because these regions com-

prise networks supporting emotion reactivity and regulation, and

are identified as more active in healthy mothers when viewing

infant stimuli, substance-using mothers appear to be characterised

by a hyporeactivity to visual and auditory infant cues. Thus,

blunted neural activity may reduce the salience of cues and con-

tribute to the maladaptive parental responses observed among

substance-using mothers. Prenatal foetal exposure to substance

use, maternal comorbidities of depression and other psychiatric

disorders, and substance use-related high-risk behaviour further

compound disrupted maternal care, likely resulting in adverse out-

comes for offspring. Further research is needed to explore the

extent to which substance use treatments, such as opioid mainte-

nance treatment, compared to high-risk drug-seeking behaviours,

confer psychosocial and, potentially, neural benefits through mod-

ulation of reward-related behaviours (129).
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Summary point

Empathy and mentalisation maternal functions are supported by

neural systems including insula, ventral ACC, DMPFC, precuneus/

PCC, TPJ and pSTS. The mirror neurone system, localised in the ven-

tral premotor cortex, IFG and posterior parietal cortex, is also

involved in maternal reflective function. These regions, in addition

to superior and middle frontal gyri, orbital gyrus and fusiform

gyrus, also relate in structure and function to the degree of

perceived parental care that mothers themselves experienced as

children. Regions of this wide neural network support social cogni-

tion/mentalisation/empathy in healthy mothers but are hyporespon-

sive to infant stimuli in mothers with insecure attachment and

substance use disorders. This broad domain shows potential as a

marker of impaired maternal caregiving that might benefit from

greater specificity and standardisation in the future. Detecting neu-

ral endophenotypes of disrupted maternal care may allow for earlier

inventions and improve the mental and physical health of mother

and offspring.

Default mode network

An increasingly popular approach in neuroscience has been to

examine the intrinsic functional organisation of brain through

examination of spontaneous low frequency BOLD activity when

individuals are at rest with eyes closed or attending to a fixation

cross. Reviews of this technology (73,130) emphasise that neural

processes that occur over minutes (rather than seconds) and utilise

significant body energetics (20% of body energy used for ongoing

neural activity compared to 5% for task-specific activity) might

have greater validity for the study of behaviour. The default mode

network (DMN) has emerged as a key network of interest that is

more active during passive than active cognitive tasks in meta-ana-

lytic resting state positron emission tomography (131,132) and

fMRI studies (133,134). Key regions of the DMN include the PCC,

ACC, inferior parietal cortex and precuneus.

Functional MRI studies comparing spontaneous/internal cognition

to external attention and monitoring may be important for a range

of psychopathology (135), including parent–child relational prob-

lems and fMRI studies designed to specifically elicit self-referent

ideation (136,137). In depressive and anxiety disorders, the DMN is

considered to subserve non-adaptive, ruminative, self-referential

ideation based upon varied reports of altered PCC connectivity to

limbic regions in MDD (138,139), greater cross-network (salience

and executive networks) associations with the DMN via the dorsal

nexus (140) and increased hippocampal-driven ventral ACC activity

(141), amongst others. In several studies, the degree of network

connectivity within the DMN was associated with the duration of

current depressive episode (138) or rumination severity (142). The

study by Johnson et al. (136) on subtypes of self-relevant thought

noted the anteroinferior PCC had a more outward, preventative

focus on duties and responsibilities and the ventromedial ACC had

a more inward, promotional focus on self-related hopes and aspira-

tions. A subsequent study (143) of functional DMN regions during

specified tasks of referential ideation found that individuals with

MDD had less anterior mPFC activity to the self-evaluative condi-

tion and less disengagement/deactivation during a distraction task.

Three published resting BOLD papers have begun to examine

DMN activity in PPD. In a study of 14 women with MDD versus 23

healthy women approximately 10 weeks postpartum, Chase et al.

(144) selected the PCC as a seed region from which to examine

DMN connectivity with whole brain activity during rest because the

PCC is a core DMN region involved in self-reflection and social cog-

nition (145), as well as being associated with thinking about duties

and responsibilities to others (136). They found that the PCC and

right amygdala were negatively coupled in depressed compared to

healthy mothers, suggesting that PPD might involve the disruption

of outward, preventative aspects of self-relevant thought and per-

haps empathy. A second study by Deligiannidis et al. (146) of eight

PPD and nine healthy mothers studied at 9 weeks postpartum simi-

larly showed attenuated functional connectivity in numerous corti-

colimbic circuits, including coupling within the DMN of ACC,

inferior parietal cortex and precuneus, as well as between DMN

nodes and amygdala. A contradictory report by Xiao-juan et al.

(147) revealed heightened PCC connectivity in PPD, using nearest

neighbour, regional homogeneity methodology. Additional research

related to the content of maternal thought during the resting

phase, as well as paradigms that constrain types of self-relevant

thought, alongside mother–infant interactional data, will be impor-

tant to clarify the relationship between rumination, self-reflection,

maternal depression and caregiving.

Summary point

More work remains to be carried out in the field of intrinsic neural

activity in new mothers, although there are preliminary findings of

circuitry disconnectivity that might relate to impaired empathic and

self-other-relational processing in PPD. Additional correlative stud-

ies are needed.

Integrative concepts which transcend a neural network
approach

Although it is convenient to divide neural networks into the four

domains above for the purpose of a selective literature review, it is

evident that there is significant overlap and interactive effects

among these neural networks, just as there are interactive/overlap-

ping themes in the approach to maternal psychopathology and

maternal caregiving. Indeed, a developmental perspective of mater-

nal socioemotional neuroscience would suggest that early experi-

ence and presence of adversity interacts with current life

circumstances to create neural vulnerability or resilience during

motherhood. In this vein, what we define as maternal depression or

poor caregiving might similarly derive from the neural imprint of

adverse early experience. Adverse early-life experiences that impact

upon an individual’s attachment to a primary caregiver are of par-

ticular interest because convergent research has demonstrated that

an individual’s attachment style is a central dimension contributing

to the onset of and recovery from affective symptoms (148–150),

as well as maternal caregiving (151,152). In addition, current
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healthy social attachments, which are more likely if the attachment

capacity is established at a young age, modulate emotional

response to threat and loss, as originally articulated by Bowlby

(117), who described that the prototypical response to separation

from an attachment figure involves ‘protest’ or anxiety followed by

‘despair’ or depression. However, he noted that individuals with

enduring attachments to others may experience anxiety without

depression. Because the prevailing context for postpartum affective

disorders is a new affiliative relationship between mother and

infant accompanied by dramatic changes in pre-existing relation-

ships between the mother and her social network, new motherhood

is an ideal ‘laboratory’ in which to test the role of attachment in

modulating multiple interacting neural system responses.

Indeed, parental brain findings have been interpreted with

respect to maternal attachment behaviours, which themselves

affect the development of such circuits in the infant (153,154) and

may also be important to more generalised forms of caregiving

(155). From the infant attachment perspective, Laurent and Ablow

(156) demonstrated higher activity in the amygdala, parahippocam-

pus, and right posterior insula for mothers responding to their own

baby-cry versus non-cry control sounds according to decreasing

attachment security of their infants. This is in keeping with findings

indicating that intrusive and forceful maternal behaviour, as

assessed in infant–mother interaction, was related to greater

maternal activation in the amygdala when viewing their infant in

solitary play and when viewing videos of themselves interacting

with their infants (125). Intrusive maternal behaviour was also

related to increased insula and temporal pole activation (auditory

processing) when listening to cry sounds of their own versus unfa-

miliar infants (157). This work on parents neatly reinforces earlier

work raising the amygdala as a key node in mediating the effects

of attachment insecurity (158). Conversely, in a mixed group of

breastfeeding and formula-feeding mothers, Kim et al. (48) found

that greater cry-related right amygdala and SFG activity at 2–

4 weeks postpartum was related to greater maternal sensitivity to

their infants at 3–4 months postpartum. This area of investigation

will benefit from increased sample sizes and fMRI paradigm refine-

ment, with the ultimate goal of establishing neural risk markers for

maternal caregiving. Inroads into such improvements are seen in

the recent work of Wan et al. (159), in which brain responses to

visual baby stimuli in a group of 20 mothers was correlated with

the quality of her concurrent parental behaviour and with her per-

ceptions of infant warmth.

The neurobiology of maternal affective health and empathy

should continue to be informed by the broader literature on mood

disorders, in which developmental effects of environment are pro-

grammed from infancy (160) through adulthood, most notably

through the HPA axis with the important involvement of amygdala,

hippocampus and PFC (161). The negative impact of adversity, poor

attachment, exposure to stress hormones on neural systems for

emotion regulation and self-other relational processing is well-

known. Numerous retrospective studies report correlations between

own experience of negative or rejecting parenting and adult depres-

sion (162), including PPD (163). Although brain imaging research is

underway with low socioeconomic status parents, we can begin

considering brain-based deficits in emotion response and regulation

from the chronic childhood experience of poverty as possibly injuri-

ous to parenting behaviours (164). We thus expect future studies to

confirm differences already reported from adverse early-life experi-

ences (120), and elaborate the importance of specific forms of

adversity on parenting dysfunctions toward better targeted and

effective treatments.

It is important to also consider the potential for neuroplasticity

inherent in the perinatal period both via the surge of hormone-

related brain changes, particularly in the hippocampus and

amygdala (165,166) and a richness of environmental support and

maternal motivation for change that can accompany the perinatal

period. In theory, and perhaps for some women, with the proper

environmental support, the neural trajectory can be optimised lead-

ing to healthy mood and good social relationships in the puerpe-

rium. As described previously and also reported by Lonstein et al.

(167), studies of postpartum rodents have demonstrated that pulsa-

tile secretion of oxytocin and prolactin during delivery and lactation

are associated with diminished fear responses (30) and increases in

mesiostriatal dopaminergic reward system function (168), which

may help set the stage for resiliency. Animal studies suggest that

structural changes occur in the maternal brain during the early

postpartum period in regions such as the hypothalamus, amygdala,

parietal lobe and PFC, and such changes are related to the expres-

sion of maternal behaviours. In an attempt to explore structural

plasticity in new parent brains, Kim et al. (53) conducted a voxel-

based morphometry study of mothers’ brains at 2–4 weeks postpar-

tum which was repeated at 3–4 months postpartum. Findings

revealed that the gray matter volume increases in the PFC, parietal

lobes and midbrain areas over time. Increased gray matter volume

in the midbrain, including the hypothalamus, substantia nigra and

amygdala, was associated with maternal positive perception of her

baby. These results suggest that the first months of motherhood in

humans are accompanied by structural changes in brain regions

implicated in maternal motivation and behaviours.

Genetics

Advances in molecular biology have highlighted the role of epige-

netic mechanisms in regulating gene activity, neurobiology and

behaviour, as well as the potential role of environmentally-induced

epigenetic variation in linking early-life exposures to long-term bio-

behavioural outcomes, including parenting behaviours. Maternal

perinatal distress may be associated with both foetal and infant

developmental trajectories through epigenetic mechanisms. Later,

postpartum experiences may have a critical moderating influence

on antenatal effects, the antenatal–postpartum interplay, and the

developmental and epigenetic consequences of postpartum

mother–infant interactions. The in utero environment is regulated

by placental function and there is emerging evidence that the pla-

centa is highly susceptible to maternal distress and a target of epi-

genetic dysregulation. Of note, recent studies also demonstrate

epigenetic paternal (father) effects (169), including the transmission

of stress-induced pathologies such as depression (170,171). Inte-

grating studies of antenatal exposures, placental function and
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postpartum maternal care with the exploration of epigenetic mech-

anisms may provide novel insights into the pathophysiology

induced by maternal distress.

In human and other mammalian mothers, research suggests that

early quality of care in the family of origin may affect subsequent

parenting (172–175), with clear associations between the maternal

history of abuse and child maltreatment. Approximately 30% of

mothers who were abused as children go on to abuse their own

children, compared to 5% in mothers not reporting abuse (176).

Although the biological mechanisms underlying a posited ‘cycle of

abuse’ are not well understood, there is support for the intergener-

ational transmission of parenting styles, bonding, attachment and

maternal rejection (177–182). Furthermore, epidemiological studies

indicate that children exposed to early adverse experiences, includ-

ing those related to bonding and attachment, are at increased risk

for the development of depression, anxiety and other stress-related

disorders in adolescence (183–185) and adulthood (186–188). Pro-

tective factors for prospective mothers from the riskiness of their

early experiences include social supports in the environment of the

developing child (189–193), as well a partner relationship with a

supportive spouse in adulthood (194). Thus, the effects of early-

experience on the developing brain promise to provide mechanisms

for understanding and improving next generations’ capacity for

sensitive parental behaviours (118,120,195) with resulting implica-

tions for public policy (196).

Although epigenetics may shed light on environmental contribu-

tions to PPD, genetic factors under gene mapping research may

also help identify differential vulnerability to the changes in gona-

dal steroid levels that occur at delivery. A genetic study compared

nine women with PPD and ten postpartum nondepressed women

(197). Gene expression profiles correctly classified 84% of patients

as depressed or nondepressed, and gene expression was correlated

with the severity of depressive symptoms and clinical course of ill-

ness. Moreover, the women with PPD showed a global reduction of

gene transcription after delivery and differential immune activation,

as well as decreased transcriptional activation, cell proliferation,

nucleotide binding, and DNA replication and repair. One large-scale

genome-wide association study (n = 1210) examined genetic influ-

ences on postpartum depressive symptoms and showed modest evi-

dence of an association between postpartum mood symptoms and

a single-nucleotide polymorphism on chromosome 1 in the hemi-

centin gene HMCN1 (198) that encodes a member of the immuno-

globulin superfamily. HMCN1 contains four oestrogen-binding sites

and may contribute a phenotype characterised by mood destabilisa-

tion in the context of normal changes in gonadal steroid levels at

delivery. If such genes have biologically relevant products, they may

ultimately guide earlier diagnostic and more specific treatment

approaches.

Nosological issues in psychopathology occurring in the
puerperium

Because of the profound physiological changes that characterise

pregnancy and childbirth (notably the dramatic changes in steroid

hormone levels and the perturbations in mood, appetite, energy

and sleep associated with childbirth and infant care), it has been

suggested that PPD may be distinct from depression that occurs at

other times (199). In one study, PPD increased the risk of future

PPD but not for depressive episodes that occurred outside of the

postpartum period (200). In addition, women whose PPD repre-

sented a recurrent depression were at increased risk for depressive

episodes occurring outside of the postpartum period but not in the

postpartum period. Also, Altemus et al. (201) distinguished between

antenatal versus postpartum onset MDD, with the latter being more

commonly associated with obsessions and compulsions and the for-

mer being come commonly associated with psychosocial stress and

nonperinatal MDD.

Notably, a few studies link caesarean section with an increased

risk for PPD (202) and PPD is associated with breastfeeding difficul-

ties (203); thus, the role of neuroendocrine perturbations underlying

the onset of PPD remain to be examined (204). Additional insights

may be gained by considering postpartum psychopathology in the

context of birth-related factors, including birthing method (e.g. vag-

inal, caesarian section), birthing complications, feeding difficulties,

sleep patterns, libido, partner intimacy and ongoing medical condi-

tions, such as urinary incontinence and hyperglycaemia.

Hormone withdrawal theories suggest that the withdrawal of

oestradiol and progesterone may be a causative link in the chain of

events before postpartum blues and depression in some vulnerable

women (205,206). In addition, cortisol may be particularly dysregu-

lated in PPD (207). These findings are consistent with depression

models that implicate dysregulation of stress hormones, particularly

cortisol (208). Indeed, several recent reviews converge on a signifi-

cant role for dysregulation of the HPA axis in the development of

depression in postpartum women (206,209). More work is required

to confirm the involvement of gonadal steroids in PPD (207,210–

212). Perhaps neuroimaging can help integrate hormone and brain

systems in the aetiology and possible treatments of depression by

modulating the HPA axis or oestradiol (213–215). As a first step,

Ho et al. (216) reported on the connection between cortisol regula-

tion and maternal ventral ACC activity in the discrimination

between positive and negative social signals from own-infants in a

social decision-making task. Such neurohormonal integration may

be disrupted in psychopathology and interfere with normal mater-

nal decision-making in the care for their infant.

Summary

These emerging findings point to the potential capacity of fMRI par-

adigms that activate the salience/fear circuitry, the maternal reward/

attachment network, and systems supporting self-relevant thought

to yield critical information for understanding PPD and maternal

caregiving. Convergence of findings of hypoactivity and cortico-lim-

bic disengagement to emotional, infant and reward cues in mothers

with PPD provides a foundation for, and also offers promise for,

defining neural biomarkers to estimate PPD risk, as well as guide

treatment selection. Personalisation of treatment is needed to

increase treatment remission above the currently disappointing rates

of 30–50% (217), as well as to decrease the expense of ineffective

treatment and decrease the family burden of postpartum mental
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illness. Neuroimaging is increasingly becoming widespread and fea-

sible to implement. For example, a robust fMRI paradigm of 10 min

in duration could cost in the vicinity of $500 for acquisition and

analysis. Therefore, it is within the realm of possibility that risk

assessment or treatment predicting fMRI could have a place in clini-

cal practice once a set of neuroimaging paradigms is honed based

on further study in larger samples. Further decreases in costs are

anticipated as a result of advancements in technology.

In Fig. 1, we depict a putative model of relationships between

multiple early-life factors, representative brain circuits of interest,

and maternal affective and caregiving outcomes. One aim of ongo-

ing research in maternal affective neuroscience is to examine com-

plex models of maternal psychopathology and parenting in large

maternal samples to identify neural, behavioural and psychosocial

predictors of postpartum affective disorders and maternal caregiv-

ing behaviours. The application of such predictors to mothers prior

to pregnancy or perinatally also holds promise with respect to

designing improved treatments and applying early interventions

that improve outcomes for mothers and children.

Future directions

We conclude by identifying several areas that are ripe for further

investigation and stand to greatly enhance our understanding of

postpartum affective disturbance.

1 An under-studied area is how early postpartum hormonal fluctu-

ations modulate neural circuits to result in clinical symptoms.

For example, Sacher et al. (218) have demonstrated the value of

such work by their findings of greater monoamine catabolism in

the early puerperium compared to nonchildbearing time points.

Knowing which neural changes are normative versus pathological

in the early puerperium could help to define more effective

treatments, as well as select the group of women in greatest

need of preventive care. Designs using hormonal manipulation,

abortion or adoption may be useful in this endeavour.

2 Ongoing neuroimaging studies would benefit from the imple-

mentation of functional and structural connectivity, as well as

machine learning analyses, to foster greater understanding of

aberrant neural circuits (92,219). Functional MRI paradigms that

can tap into standard concepts in the emotion literature can

yield useful information about maternal psychopathology,

whereas ecologically relevant infant stimuli are necessary to

parse the circuitry of maternal caregiving. An important addi-

tional goal will be to examine how the different neural circuitries

are integrated and whether there is a temporal evolution after

childbirth in the predominance of one circuitry over another. For

example, a hyperactive salience and fear network may temporally

precede a hypoactive reward circuitry, although functional rela-

tionships between these two circuitries may not be linear. These

questions will benefit greatly from future research.

Childhood
adversity

Premorbid
affective

disorders

Mother–infant

Salience/fear processing

Fear regulation

Executive control

Amygdala
Insula

VLPFC

DLPFC

Dorsal ACC
Ventral ACC

Hippocampus

symptoms

Long-term maternal

and caregiving

attachment

affective symptoms

Postpartum
affective

Fig. 1. Putative model of relationships between multiple early-life factors, representative brain circuits of interest, and maternal affective and caregiving out-

comes (note the following network-brain region groupings: executive control [dorsolateral prefrontal cortex (DLPFC), ventrolateral prefrontal cortex (VLPFC)],

fear regulation [dorsal anterior cingulate cortex (ACC), ventral anterior cingulate cortex, hippocampus], and salience/fear processing [amygdala, insula]). Note

also that pertinent circuitries are not shown (i.e. reward and attachment) and that other biological mechanisms, specifically genetic, are also left out for the

sake of simplicity. An aim of ongoing research in maternal affective neuroscience is to examine complex models of maternal psychopathology and parenting

in large maternal samples to identify neural, behavioural, and psychosocial predictors of postpartum affective disorders and maternal caregiving behaviours.

Application of such predictors to mothers prior to pregnancy or perinatally shows promise with respect to the design of improved treatments and for applying

early interventions to improve outcomes for mothers and children. Adapted from Phillips et al. (222).
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3 Subject samples must clearly grow in size and should be selected

in a way that hypotheses regarding mood, attachment, parenting

quality and sociodemographic context (i.e. paternal, sibling, vio-

lence factors) can be studied in concert. For example, a sample

size of 120 women and 10 covariates provides > 80% power to

detect an R2 of 0.15 (small-medium effect size) with P = 0.05

(220). In addition, dimensions of psychopathology are expected

to have greater relevance to the neural mechanisms captured

with fMRI paradigms compared to dichotomous diagnoses. As

such, efforts to define basic functioning dimensions underlying

traditionally defined disorders have high value for establishing

brain–behaviour relationships, as suggested by the Research

Domain Criteria (RDoC) project set forth by the National Insti-

tutes of Mental Health (NIMH) (221).

4 A recurrent question asked of researchers in this field is the

comparability or distinction between PPD and nonpostpartum

depression. A well-constructed approach with respect to defining

areas of similarity and divergence is needed to clarify the extent

to which postpartum affective neuroscience is generalisable to

the greater population and vice versa. Furthermore, the effects

of parity, multiparity, duration post-delivery and other factors

must be closely examined.

5 As we learn more about maternal psychopathology and parent-

ing, developing standardised fMRI protocols (65) that can isolate

the robustness of deficits across overlapping networks will repre-

sent an important approach. It might be that futurejne studies

will explore graded stimuli, decision-making tasks or responses

to more sophisticated and personally tailored aspects of parent-

ing, rather than simply own versus other types of contrast to

reveal the important nuances of parent–infant relationships

6 Integrated studies of neuroimaging and treatment are critically

needed to identify which neural circuitry activation and connectiv-

ity patterns are linked with the treatment response overall, as well

as unique behavioural and pharmacologic treatment modalities.
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